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Abstract

Knowledge of the concentration field and flammability envelope from a small-scale hydrogen leak is an issue of importance for the safe use of hydrogen. A combined experimental and modeling program is being carried out by Sandia National Laboratories to characterize and predict the behavior of small-scale hydrogen releases.  In contrast to the previous work performed by Sandia on large, momentum-dominated hydrogen leaks, these studies are focusing on small leaks in the Froude number range where both buoyant and inertial forces are important or, in the limit, where buoyancy dominates leak behavior.  In the slow leak regime buoyant forces affect the trajectory and rate of air entrainment of the hydrogen jet leak and significant curvature can occur in the jet trajectory.  Slow leaks may occur from leaky fittings or o-ring seals on hydrogen vehicles or other hydrogen-based systems where large amounts of pressure drop occur across the leak path.  Low-pressure electrolyzers or vents on buildings or storage facilities containing hydrogen are also potential sources for slow leaks.

The small-scale leak investigation is a combined experimental and modeling program.  As part of the modeling effort a fast-running engineering model for the buoyant jet from a hydrogen slow leak was developed.  The model computes the trajectory of the buoyant jet and the hydrogen concentration decay along the jet trajectory.  Simulation times for the slow-leak engineering model are a few seconds on a computer workstation as compared to many hours for a Navier-Stokes equation simulation of the same leak.  As part of the experimental effort, a planar laser-Rayleigh scattering and CCD camera technique was used to measure high-speed images of the concentration field from slow hydrogen leaks. Planar laser-Rayleigh scattering is a laser-based diagnostic technique that is sensitive to gas density and is hence well suited to accurately measure the flow behavior of hydrogen exiting a leak into ambient air. 

Comparisons are made between the measured slow leak concentration fields and predictions from the slow-leak engineering model.  Calculations from the model and experimental results are presented to explain the behavior of slow leaks over the Froude number range of interest.
1. Introduction

The development and commercial use of hydrogen will require safety guidelines for building vehicle fueling stations, storage facilities, and other infrastructure components.  If the development of these safety guidelines is to be made on a scientific basis, then validated engineering models of unintended hydrogen releases are needed for scenario and risk analysis.  An important issue in leak scenario analysis is the determination of the concentration decay of an unignited hydrogen jet in surrounding air, and the envelope of locations where the concentration falls below the point where ignition can occur (the lower flammability limit). 

Leaks of hydrogen from high-pressure sources form turbulent jets that entrain air from the ambient environment around them.  Entrainment of the ambient air causes the concentration of hydrogen within the jet to fall as it mixes with the environment.  The ratio of momentum to buoyant forces for such leaks can be characterized by the exit densimetric Froude number 
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where Uexit is the exit velocity, g is the acceleration due to gravity, D is the leak diameter, 
[image: image2.wmf] is the ambient air density, and (exit is the exit density of hydrogen.  High densimetric Froude number leaks (Frden > 1000) are dominated by the initial momentum of the jet, while leaks with low densimetric Froude numbers (Frden < 10) are dominated by buoyancy forces generated from the relative difference between the local gas density in the jet and the density of the ambient air.  Leaks with densimetric Froude numbers in the intermediate range (10 < Frden < 1000) are influenced by both the initial momentum of the release and buoyant forces.

Our previous work on unintended releases of hydrogen (Houf and Schefer, 2007, Schefer et al., 2006a, 2006b, 2006c) focused on supercritical choked-flow leaks where the pressure ratio across the leak was equal to or greater than 1.9.  Flows of this type are characterized by high densimetric Froude numbers and are hence momentum dominated.  In contrast to this previous work, our studies are now focusing on unchoked small leaks in the Froude number range where both buoyancy and momentum are important or, in the limit, where buoyancy dominates leak behavior.  In the slow leak regime, buoyant forces affect the trajectory and rate of air entrainment of the hydrogen leak.  Significant curvature can occur in the jet trajectory and concentration decay and distance to the lower flammability limit (LFL) are effected.  Figure 1 shows a plot of densimetric Froude number for various leak diameters and leak exit Mach numbers. Approximate densimetric Froude number ranges for the momentum-dominated, transitional, and buoyancy dominated leak regimes are indicated on the right-hand side of the figure.
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Figure 1.  Densimetric Froude number for hydrogen leaks of various diameters and exit Mach numbers.

2.  Slow Leak Model
[image: image1.wmf]The slow-leak model is based on an integral turbulent buoyant jet model in streamline coordinates as shown in Figure 2. The round buoyant jet issues from the origin at an angle 
[image: image4.wmf] with the respect to the horizontal x-axis.  The axis of the jet is the parametric streamwise coordinate S and the angle between the s-axis and the horizontal is 
[image: image5.wmf].  The radial distance perpendicular to the s-axis of the jet is designated as the 
[image: image6.wmf]-coordinate and the azimuthal angle about the s-axis in a normal cross-section of the jet is designated as 
[image: image7.wmf].  The gravity vector is parallel to the vertical z-axis and directed downward.

Figure 2. Schematic of hydrogen slow leak buoyant jet model.

The conservation equations for the integral model are based on integrating the fundamental differential conservation equations for mass, momentum, and species over the cross-sectional area of the jet. The resultant integral jet conservation equations are of the form
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where 
[image: image14.wmf] is local time-averaged jet velocity, 
[image: image15.wmf] is the local time-averaged jet density, 
[image: image16.wmf] is the ambient density of air, 
[image: image17.wmf] is the local time-averaged mass fraction of hydrogen in the jet, 
[image: image18.wmf] is the mass fraction of hydrogen in the ambient air (
[image: image19.wmf] = 0 in this case), x and z are the local coordinates of the jet centerline, and E is the local rate of ambient fluid entrainment into the jet. 

As the jet exits the leak the turbulent mixing layers at the edges of jet begin to grow and eventually expand to merge at the centerline of the jet.  At this point, indicated as position se in Figure 2, the jet is considered to be in the zone of established flow and experimental measurements performed by Pitts (1991) and Keagy and Weller (1948-1950) have shown that the mean (time-averaged) jet velocity profiles are nearly Gaussian and of the form
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where 
[image: image21.wmf](s) is the time-averaged centerline velocity that depends on s, r is the radial coordinate, and b is the characteristic jet width. In a like manner, experimental measurements, including work reported in this paper, have shown that profiles of mean (time-averaged) jet scalars such as density and mass fraction are also Gaussian within the zone of established flow.  Hence, profiles for density within the jet can be expressed as
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where 
[image: image23.wmf] is the local time-averaged centerline density, and 
[image: image24.wmf] is the relative radial spreading ratio between the velocity and density fields which is related to the turbulent entrainment Schmidt number.  A value of 
[image: image25.wmf] = 1.16 was used in this work (Gebhart, 1984). 

Using Eq. (9) and assuming that the hydrogen air mixture behaves as an ideal gas yields an expression for the hydrogen mass fraction within the jet that is of the form
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where 
[image: image27.wmf] is the local time-averaged centerline hydrogen mass fraction that depends on s.

The local rate of entrainment, E, must be specified to provide closure to the set of jet integral conservation equations.  Data from the slow leak experiment indicates that the local rate of entrainment increases as the jet leaves the momentum dominated region and enters a region where the effects of buoyancy become more pronounced.  To incorporate this experimentally observed increase in entrainment due to buoyancy an entrainment correlation of the form
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was postulated based on an approach similar to that presented by Hirst (1971).  In this approach the turbulent entrainment rate is considered to be composed of a component due to momentum (Emom) and a component due to buoyancy (Ebuoy).  In the slow leak model the component of entrainment due to jet momentum (Emom) is calculated from the Ricou and Spalding law (1961) and is of the form
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The component due to buoyancy (Ebuoy) is calculated from an expression of the form (Hirst, 1971)
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where Ucl is the jet centerline velocity, b is the radius of the jet boundary, 
[image: image31.wmf] is the angle between the jet centerline and the horizontal, 
[image: image32.wmf] is an empirically determined constant, and 
[image: image33.wmf] is the local Froude number given by an expression of the form
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In the local Froude number expression, Ucl is the local jet centerline velocity, g is the acceleration due to gravity, D is the leak diameter, 
[image: image35.wmf] is the ambient density, (cl is the local jet centerline density, and (exit is the exit density of hydrogen.  In the initial development of the jet, momentum dominates, the local Froude number (
[image: image36.wmf]) is high, and hence the 1/
[image: image37.wmf] dependence of Eq. (13) causes Ebuoy to be negligibly small compared to Emom in the total entrainment expression (Eq. (11)).  As the jet progresses, buoyancy forces become more important, the local Froude number decreases, and the Ebuoy term begins to contribute, producing the increase in the local jet entrainment observed in the slow leak experiments.
The constant 
[image: image38.wmf] in Eq. (13) is typically empirically determined, and Hirst (1971) reports a value of 
[image: image39.wmf] = 0.97.  In this work the value of 
[image: image40.wmf] was determined to give the best agreement with the concentration decay data from the slow leak experiments for vertical hydrogen jets with exit densimetric Froude numbers (Frden) of 99, 152, and 268.  For the Frden = 268 vertical jet data the value of
[image: image41.wmf] = 0.97 reported in the literature by Hirst yielded the best agreement with the data, and hence a value of 
[image: image42.wmf] = 0.97 was used for all slow leak simulations with Frden equal to or greater than 268.  The expression developed for 
[image: image43.wmf] is of the form
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The entrainment rate for a buoyant jet can also be expressed in terms of the local jet centerline velocity, Ucl, and radius, b, in an expression of the form
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where 
[image: image46.wmf] is the entrainment constant.  As buoyancy becomes more dominate in the jet, it has been experimentally observed that the value of the entrainment constant, 
[image: image47.wmf], in Eq. (16) approaches the limiting value of 
[image: image48.wmf] = 0.082 for a pure plume (List and Imberer, 1971).  A comparison of simulations from the slow leak model using the entrainment law of Eq. (16) with concentration data from the slow leak experiments indicates that the data for vertical hydrogen jets also exhibits this limiting plume entrainment behavior (
[image: image49.wmf] = 0.082) in the far-field.  Hence, the plume limiting entrainment rate is also enforced in the current slow leak entrainment model by using Eq. (16) in conjunction with Eqs. (11), (12), (13) to compute how the value of 
[image: image50.wmf] increases as the jet progresses from the momentum-dominated near-field to the more buoyantly dominated far-field.
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When the value of 
[image: image52.wmf] given by Eq. (17) reaches or exceeds the limiting plume value of 
[image: image53.wmf] = 0.082, then the entrainment function of Eq. (11) is replaced with the entrainment function given by Eq. (16) using the constant limiting value of 
[image: image54.wmf] = 0.082 for the remainder of the calculation.  This approach limits the maximum rate of entrainment for the model to the experimentally observed maximum rate of entrainment for a buoyant plume.

Finally, the model equations for solution are obtained by substituting the Gaussian profiles given by Eqs. (8), (9), and (10) into the integral jet conservation equations of Eqs. (2) thru (7) and applying the ideal gas law for a binary mixture of hydrogen and air along with the entrainment function law given by Eq. (11).  A system of six ordinary differential equations results, where the unknowns are the jet centerline density, 
[image: image55.wmf], jet centerline velocity, 
[image: image56.wmf], the characteristic jet width, b, the local angle of the jet with respect to the horizontal axis, (, and the local coordinates of the jet centerline x and z.  Using the jet exit conditions and an estimate of the value of se, this system of six ordinary differential equations is solved with the Sandia developed code DASSL (Petzold, 1982) to obtain the trajectory of the jet, and the velocity, density, and hydrogen mass fraction along the jet centerline.  This information is then used with the Gaussian profile assumptions of Eqs. (8) – (10) to create a 3-D dimensional map of the jet concentration and velocity field for the slow leak.

3. Slow-Leak Experiments

An experimental apparatus was designed and built to measure leak rate, buoyant jet shape, and buoyant jet concentration field for different slow leak geometries.  The purpose of the apparatus was to measure and characterize the flammability envelopes of unignited hydrogen slow leaks and to provide data for validation of the engineering slow leak model.  The apparatus, shown schematically in Figure 3, was designed to characterize the flow path and concentration field of small hydrogen slow leaks over the range of conditions of interest. 

Planar laser-Rayleigh scattering is a laser-based diagnostic technique that is sensitive to gas density.  Given the large density difference between hydrogen and air, it well suited to measure the flow behavior of hydrogen exiting a leak into ambient air.  As shown in Figure 3, molecular (Rayleigh) scattered light from a Nd:YAG laser sheet is imaged onto a intensified CCD camera with a 512x512 pixel array. For an isothermal, two-component (air and hydrogen) mixture the scattered-light signal is linearly related to the hydrogen mole fraction.  Thus, concentration contours of hydrogen for the slow leak can be determined by analyzing the images from the CCD camera.  Because the leak apparatus shown in Figure 3 can be rotated, leak orientations both parallel and perpendicular to the direction of gravity can be studied.  Table I shows the range of hydrogen slow leak parameters studied.
[image: image77..pict]





Figure 3.  Schematic of experimental apparatus for hydrogen leak concentration contour measurements.

Table I.  Experimental conditions for (D=1.905 mm) slow hydrogen leaks (Frden = densimetric Froude number, Re = Reynolds number).  Data was obtained for both horizontal and vertical leaks for all sets of conditions.

	
	Q(slm)
	uexit(m/s)
	(exit(kg/m3)
	Frden
	Re

	H2
	  3.500
	20.466
	0.0838
	41.003
	 364

	H2
	  8.497
	49.689
	0.0838
	99.540
	 885

	H2
	13.080
	76.020
	0.0838
	152.31
	1360

	H2
	22.900
	133.91
	0.0838
	268.29
	2384


Figure 4 shows typical images of the hydrogen mole fraction distribution near the exit region of a 1.905 mm diameter vertical hydrogen jet.  The concentration is color coded with dark blue corresponding to pure air and red indicating the highest hydrogen concentration.  The image on the left is from a single laser shot and, due to the short (9 nsec) duration of the laser pulse, reveals the instantaneous distribution of hydrogen.  The image on the right is an average of 50 single-shot images (0.1 sec between shots) and shows the time-averaged hydrogen distribution.  Figure 5 shows plots of the radial time-averaged hydrogen mass fraction concentration at different axial locations along the jet centerline for the vertical hydrogen jet with Frden = 268.  The experimental measurements clearly [image: image78..pict]validate the use of Gaussian profiles in the engineering slow leak model.

Figure 4.  Rayleigh scattering images of unignited hydrogen leak originating from a 1.905 mm diameter tube at a volumetric flow rate of 10 slm (Re = 1044, Frden = 117).

[image: image79..pict]
Figure 5.  Measured time-averaged radial profiles of H2 mass fraction for a vertical hydrogen jet (Frden = 268) with diameter of 1.905 mm.

[image: image80..pict]Figure 6.  Mole fraction contours for simulations of a vertical buoyant helium jet (Frden = 274, D = 3.25 mm) of Keagy and Weller (1948-1950) and Pitts (1991).

4. Valdiation of Engineering slow-Leak Model

Because no suitable hydrogen slow-leak data was available for comparison with the model prior to the hydrogen slow-leak experiments discussed in the previous section, initial comparisons of the slow-leak model were done with the vertical helium jet data of Keagy and Weller (1948-1950) and Pitts (1991).  Figure 6 shows slow-leak model simulations of mole fraction concentration contours for the vertical helium jet of Keagy and Weller and Pitts (D = 3.25 mm, Frden = 274). Figure 7 shows the helium mole fraction decay along jet centerline from the simulation as compared to the Keagy and Weller (1948-1950) and Pitts (1991) data.  The engineering slow-leak model is found to be in excellent agreement with the helium jet data.  Figure 8 shows simulation results from the slow leak engineering model as compared to data from the hydrogen slow leak experiments for a vertical jet with Frden = 268 and D=1.905 mm (see Table I).  Excellent agreement is obtained between the model and experimental slow leak data for hydrogen.

Figure 9 shows comparisons of centerline concentration decay from simulations with the slow leak model using the entrainment function given by Eqs. (11-15) as compared to data for vertical hydrogen jets from the slow leak experiment.  Results from the simulation are in good agreement (agreement to within approximately 6.5%), with the data for both the momentum-dominated near-field and the more buoyantly dominated far-field over the full range of Froude numbers (Frden = 99, 152, 268).  Figure 10 shows the corresponding hydrogen mole fraction concentration contours from the simulations.

[image: image81..pict]
[image: image82..pict]Figure 7.  Comparison of simulation of helium mole fraction concentration decay along jet centerline (Frden = 274, D = 3.25 mm) with the data of Keagy and Weller (1948-195) and Pitts (1991).

Figure 8.  Comparison of simulation of hydrogen mole fraction concentration decay along jet centerline (in the momentum dominated region) with data from the slow leak experiment for a vertical hydrogen leak (Frden = 268, D = 1.905 mm).

[image: image83..pict]
Figure 9.  Comparison of simulations of the centerline concentration decay (XH2 = mole fraction) for vertical buoyant hydrogen jets with concentration data from the slow leak experiment (Frden = 99, 152, 269).

[image: image84..pict]Figure 10.  Hydrogen mole fraction concentration contours for simulations of vertical buoyant jets for conditions of the slow leak experiments (Frden = 99, 152, 269).

5.  Hydrogen slow-leak simulations 

The hydrogen slow leak model has been used to perform simulations for several different hydrogen slow-leak scenarios.  Because the solution of the buoyant jet conservation equations (Eqs. 2-7) are only dependent on the initial angle of release (
[image: image57.wmf]) and the densimetric Froude number (Frden) a number of different diameter leaks with different volumetric flowrates can be simulated from a single solution to the equations for a specified densimetric Froude number and initial release angle.  Equation (18) gives the relationship between the densimetric Froude number, the leak diameter, and the leak volumetric flowrate,
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where Qexit is the leak exit volumetric flowrate at standard temperature (273 K) and pressure (101.33 kPa) and Tstp is the standard temperature.  The volumetric flowrate from a slow leak can be related to the exit densimetric Froude number and leak diameter through Eq. (18).  For a given diameter, leaks with a higher densimetric Froude number (Frden) have a higher exit velocity and are dominated more by initial momentum of the jet, while leaks with a lower densimetric Froude number have a slower exit velocity and are dominated more by buoyancy.  Figure 11 shows a plot of hydrogen slow leak volumetric flowrate (Qexit) in standard liters per minute (slm) versus leak diameter (D) in millimeters for various exit densimetric Froude numbers (Frden).
[image: image85..pict]
Figure 11.  Leak volumetric flowrate versus diameter for various values of leak densimetric Froude number.

Figure 12 shows calculations of horizontal ((o = 0) slow leak trajectories and the concentration decay (mole fraction hydrogen) from the engineering model for two different leak densimetric Froude numbers (Frden).  Results are shown for densimetric Froude numbers of 10 and 1000, which correspond respectively to leak volumetric flow rates of 8.835 slm and 883.5 slm for a 5 mm diameter leak.  As stated earlier the densimetric Froude number represents the ratio of momentum to buoyant forces at the leak exit.  The hydrogen leak with a densimetric Froude number of 1000 (893.5 slm) shows little effect of buoyancy since the leak trajectory remains nearly horizontal while the jet trajectory for the Frden = 10 (8.835 slm) leak shows significant upward bending due to the effects of buoyancy.  These calculations confirm the densimetric Froude number ranges for the momentum-dominated, transitional, and buoyancy-dominated leaks that are depicted in Fig. (1) and indicate that high-momentum jet models are appropriate for hydrogen leaks where the densimetric Froude number is greater than approximately 1000.  Concentration decay distance also appears to be larger for the higher densimetric Froude number leak with the Frden = 1000 leak taking a longer distance to decay to 4% mole fraction of hydrogen. 

[image: image86..pict]
Figure 12.  Hydrogen mole fraction concentration contours for horizontally released leaks ((o = 0) with densimetric Froude numbers (Frden) of 10 and 1000.

Hydrogen concentrations simulations from the slow leak model depend only on the exit densimeteric Froude number (Frden) and the initial angle of release (
[image: image59.wmf]).  A series of simulations were performed with the model for different exit densimetric Froude numbers (between 10 and 1000) and for initial jet angles starting at 
[image: image60.wmf]=0o (horizontal) and increasing in increments of 10o up to angle of 
[image: image61.wmf]=90o (vertical).  Using this approach the concentration envelope for all possible leaks between 
[image: image62.wmf]=0o and 
[image: image63.wmf]=90o for a given exit densimetric Froude number can be computed.

Figure (13B) shows a plot of the concentration contour envelope for exit densimetric Froude numbers (Frden) of 10, 100, and 1000.  Each point on the plot represents the annotated centerline concentration along the jet trajectory for calculations at one of the 10 angles between 
[image: image64.wmf]=0o and 
[image: image65.wmf]=90o.  For Frden = 1000 the circular concentration envelopes for hydrogen mole fractions of 4%, 6%, and 8% indicate that the leak concentration decay is dominated by the initial momentum of the jet and that buoyancy does not significantly influence the flow.  The nearly flat concentration envelopes for the Frden = 10 jet indicate that the jet is dominated by buoyancy and transitions quickly to a nearly vertical jet regardless of the initial angle of release.

The nondimensional radial distance (R/D) from the leak origin (X/D = 0.0, Z/D = 0.0) to each of the points on the concentration curves in Fig. (13B) can be compute from an expression of the form R/D = ((X/D)2+(Z/D)2)1/2.  Results of the calculations shown in Fig. (13A) can be used to compute the maximum radial distance, (R/D)max, from the leak origin to the point where the jet concentration has decayed to a given concentration level.  This maximum radial decay distance for all jet initial leak angles (between 0o (horizontal) and 90o (vertical)) is a parameter of importance to hydrogen safety codes and standards organizations. Table II  shows values of the maximum radial distance (R/D)max from the leak origin to concentration decay levels of 2%, 4%, 6%, and 8% hydrogen mole fraction for exit densimetric Froude numbers between 10 and 1000.

[image: image87..pict]
[image: image88..pict](A)

(B)

Figure 13.  (A) Centerline hydrogen mole fraction concentrations for different initial jet release angles (
[image: image66.wmf]).  Each point on a curve represents a slow leak simulation for an initial release angle between 
[image: image67.wmf]=0o (horizontal) and 
[image: image68.wmf]=90o (vertical) where the angle is changed in increments of 10o.  The Z/D and X/D location of each point is the location on the jet centerline trajectory where that value of the concentration occurs. (B)  Corresponding jet concentration contours for the horizontal release (
[image: image69.wmf]=0o).
6. Comparison of slow-leak and high-momentum Regimes
For momentum-dominated subsonic incompressible turbulent free jets, it is well know that the concentration decay along the jet centerline follows a classic hyperbolic concentration decay law of the form (Chen and Rodi, 1980)
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where 
[image: image71.wmf] is the mean volume fraction (or mean mole fraction) along the centerline of the jet, K is the entrainment constant, d is the exit diameter of the jet, x is the distance along the jet centerline, and xo is the virtual origin of the jet.  It has also been shown that the concentration decay law of Eq. (19) can be applied to supercritical choked-flow releases containing underexpanded jets (Birch, 1984, 1987) provided the jet exit diameter, d, is replaced by an effective diameter (deff) which accounts for the rapid expansion of the gas through the shock region to an effective diameter source at atmospheric pressure.  Previous work by Houf and Schefer (2007) used this effective source diameter approach and Eq. (19) to calculate the concentration decay of high-pressure supercritical choked-flow releases of hydrogen. 

The high-momentum jet concentration decay law of Eq. (19) can be compared with calculations from the slow leak model to determine at what densimetric Froude number, for the concentration range of interest (100% to 2% mole fraction H2), the jet becomes momentum dominated and the effects of buoyancy on concentration decay and jet trajectory can be neglected.  For a momentum-dominated jet, Eq. (19) indicates that a plot of the axial variation of the reciprocal of the mean centerline concentration (1/
[image: image72.wmf]) versus the nondimensional axial coordinate, x/D should yield a straight line.  The slope of this line is given by the expression ((
[image: image73.wmf]/
[image: image74.wmf])1/2)/K, and this expression can be used to recover the entrainment constant, K.

Table II.  Maximum radial distance from leak origin to hydrogen mole fraction concentrations of 2%, 4%, 6%, and 8% for various exit densimetric Froude numbers and leak angles between (
[image: image75.wmf]=0o to 90o).
	Frden
	(R/D)max 2% 
	 (R/D)max 4%
	(R/D)max 6%
	(R/D)max 8%

	10
	142.92
	88.86
	66.25
	54.37

	50
	250.09
	160.28
	119.97
	97.13

	100
	331.22
	205.14
	156.79
	132.57

	200
	458.05
	311.87
	235.70
	181.34

	300
	605.81
	368.63
	248.29
	184.60

	400
	685.06
	375.70
	249.27
	184.82

	500
	725.58
	377.82
	249.54
	184.88

	600
	745.37
	378.61
	249.64
	184.90

	700
	755.24
	378.95
	249.68
	184.91

	800
	760.41
	379.11
	249.70
	184.91

	900
	763.27
	379.20
	249.71
	184.92

	1000
	764.95
	379.26
	249.72
	184.92


Figure 14 shows simulations of the centerline concentration decay of horizontal jets (
[image: image76.wmf] = 0o) from the slow leak model versus the streamwise distance along the jet centerline for various densimetric Froude numbers.  For a densimetric Froude number of 1000 the plot is linear, indicating that jet is momentum-dominated throughout the concentration region of interest (100% - 2% mole fraction) and not affected by buoyancy.  A linear regression analysis of the Frden = 1000 concentration decay curve yields an entrainment constant of K=5.77.  This value of K is within 6.4% of the value of K=5.40 used by Houf and Schefer (2007) to compute the concentration decay of supercritical choked-flow releases of hydrogen and the value of K=5.40 measured by Birch (1987) for natural gas jet concentration decay.  
The concentration decay of the Frden = 500 jet is also nearly linear and hence momentum dominated over the concentration range of interest (100% – 2%  mole fraction). This indicates that jets with a densimetric Froude number greater than approximately 500 are momentum dominated, not significantly affected by buoyancy, and that Eq. (19) provides a good representation of the jet centerline concentration decay for these jets.  For Frden = 300, Fig. (14) shows the jet centerline concentration decay is linear down to approximately 4.0% mole fraction.  Hence, the momentum-dominated concentration law given by Eq. (19) provides a good approximation to the jet centerline concentration decay down to 4.0% mole fraction, as long as the densimetric Froude number is greater than approximately 300.  
[image: image89..pict]
Figure 14.  Hydrogen mole fraction concentration along jet centerline versus streamwise distance along jet centerline for various densimetric Froude numbers.

7. Summary and Conclusions

A fast-running engineering model for the buoyant jet from a hydrogen slow leak has been developed and verified by comparison with experimentally measured concentration profiles of hydrogen slow leaks and helium jets.  The model computes the trajectory of the buoyant jet and the hydrogen concentration decay along the jet trajectory.  Simulation times for the slow-leak engineering model are a few seconds on a computer workstation as compared to many hours for a Navier-Stokes equation simulation of the same leak.

Calculations have been performed with the model to determine the distance from the leak source required for the buoyant jet concentration level to fall below the lower flammability limit (LFL) where the hydrogen air mixture can no longer be ignited.  Calculations with the model indicate that the effects of buoyancy on the jet trajectory and concentration decay are not significant for leak densimetric Froude numbers greater than approximately 500. Simulations with the model indicate that the classic hyperbolic concentration decay law for momentum-dominated free jets can be used to estimate centerline concentration decay distances for hydrogen (to within an accuracy of approximately 5%) over the mole fraction concentration range of interest (100% to 2%) for leak densimetric Froude numbers greater than approximately 500.
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